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ABSTRACT: Presently, there is high uncertainty in estimates of
methane (CH4) emissions from natural gas-fired power plants
(NGPP) and oil refineries, two major end users of natural gas.
Therefore, we measured CH4 and CO2 emissions at three NGPPs
and three refineries using an aircraft-based mass balance technique.
Average CH4 emission rates (NGPPs: 140 ± 70 kg/h; refineries: 580
± 220 kg/h, 95% CL) were larger than facility-reported estimates by
factors of 21−120 (NGPPs) and 11−90 (refineries). At NGPPs, the
percentage of unburned CH4 emitted from stacks (0.01−0.14%) was
much lower than respective facility-scale losses (0.10−0.42%), and
CH4 emissions from both NGPPs and refineries were more strongly
correlated with enhanced H2O concentrations (R2

avg = 0.65) than
with CO2 (R2

avg = 0.21), suggesting noncombustion-related equipment as potential CH4 sources. Additionally, calculated
throughput-based emission factors (EF) derived from the NGPP measurements made in this study were, on average, a factor of
4.4 (stacks) and 42 (facility-scale) larger than industry-used EFs. Subsequently, throughput-based EFs for both the NGPPs and
refineries were used to estimate total U.S. emissions from these facility-types. Results indicate that NGPPs and oil refineries may
be large sources of CH4 emissions and could contribute significantly (0.61 ± 0.18 Tg CH4/yr, 95% CL) to U.S. emissions.

■ INTRODUCTION

The abundance and accessibility of underground natural gas
reserves, paired with rapid technological advancements in
horizontal drilling and hydraulic fracturing techniques, have
given rise to a booming natural gas industry and record-low
natural gas prices. Natural gas is considered a cleaner fuel
alternative to coal, producing roughly 56% the amount of CO2

per unit of energy as coal,1 and therefore, holds appeal as a
“bridge fuel” during transition to renewable energy technolo-
gies.2 Despite the environmental benefits of natural gas as an
alternative fuel source, the primary constituent of natural gas is
methane (CH4), a relatively short-lived greenhouse gas with 28−
34 and 84−86 times the cumulative radiative forcing of CO2 on a
mass basis over 100 years and 20 years, respectively.3 Recent
studies indicate that CH4 leakage into the atmosphere may
negate its advantages, for instance, a loss rate of 1.5% from
natural gas production processes would increase the 20 year
climate impact of natural gas by 50%.4,5 Therefore, identifying
significant sources of CH4 emissions is imperative for effective
development of methods to control emissions of greenhouse
gases from the oil and natural gas industry.

While CH4 emission rates from throughout the natural gas
supply chain have been recently reported in the literature, there is
less understanding regarding emissions from natural gas-fired
power plants (NGPP) and crude oil refineries, both of which use
large quantities of natural gas6 and hence are potentially large
sources of CH4 emissions. Increased natural gas consumption by
these facility-types has been driven by the combination of low
natural gas prices and increased environmental regulations,7,8

which for instance, has resulted in many coal-fired power plants
in the U.S. converting to natural gas for energy generation.9

Likewise, construction of newNGPPs is also rapidly rising, and in
2015 roughly 40% of new plants producing >1 megawatts (MW)
of energy were natural gas-fired.10 Furthermore, oil refineries are
quickly shifting toward natural gas to fuel various equipment-
types, including process and utility heaters, hydrogen generation
units, and gas turbines, and consumed 893 200 million cubic feet
of natural gas in 2014.11,12
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Here, we aimed to evaluate emissions from these major natural
gas end users by performing a series of measurements of CH4 and
CO2 emissions at three NGPPs and three oil refineries in Utah,
Indiana, and Illinois using an aircraft-based mass balance
technique. Hourly CH4 and CO2 emission rates are presented
and used to obtain CH4 emission factors (EF) in terms of CO2
emissions for each facility (EFfacility). Co-location of CH4 with
CO2 or H2O emissions was assessed to understand if CH4
emissions originated from combustion- or noncombustion-
related equipment. Since NGPPs are only required to report
combustion-related CH4 emissions to regulatory agencies,13,14

we calculated throughput-based CH4 loss rates and heat input-
based EFs for both stack-related combustion emissions as well as
total facility emissions and compared our calculated EFs to the
Environmental Protection Agency’s (EPA) Greenhouse Gas
Reporting Program’s (GHGRP) default EF.14 Throughput-
based EFs were also calculated for the oil refineries measured in
this study. Emissions for both NGPPs and refineries were then
extrapolated to the U.S. national-scale using EFs calculated from
this data set and U.S. activity factors from the EPA’s Air Markets
Program Data (AMPD) and Energy Information Administration
to estimate total annual emissions from these facility-types.
Results from this study support the existing need to better
understand the potential of NGPPs and oil refineries as
contributors to annual U.S. CH4 emission totals, while also
seeking to elucidate the source of emissions (e.g., combustion- or
noncombustion-related) at these facilities.

■ EXPERIMENTAL METHODS

Flight Design and Emission Rate Quantification. Six
flights were performed at three combined-cycle NGPPs and
three refineries from July 30−October 1, 2015. To quantify
facility emissions, an aircraft-based mass balance approach was
used and flights were performed using Purdue’s Airborne
Laboratory for Atmospheric Research (ALAR, https://www.
s c i e n c e . p u r d u e . e d u / s h e p s o n / r e s e a r c h /
BiosphereAtmosphereInteractions/alar.html), which is a twin-
engine Beechcraft Duchess equipped with a Picarro Cavity Ring-
Down Spectroscopy (CRDS, model G2401-m) analyzer for real-
time, high frequency measurements of CH4, CO2, CO, and
H2O.

15−19 The aircraft is also outfitted with a Best Air
Turbulence (BAT) probe for high-precision, three-dimensional
wind measurements and a global positioning system/inertial
navigation system (GPS/INS) for location tracking and wind
measurements.20 Both in-flight and on-ground CH4 and CO2
concentration calibrations were performed daily using three
NOAA-certified gas cylinders and measurement precisions were
∼0.15 ppm (CO2) and ∼1.4 ppb (CH4).

21

Prior to each mass-balance flight experiment (MBE), the
facilities were circled in-flight to determine if emission of CH4 or
CO2 was occurring, and if it could be unambiguously attributed
to the target. To perform the experiment, a series of 8−14
horizontal transects was flown approximately 1−4 km downwind
of the site. Each transect was flown at a unique altitude, ranging
from as low to the ground as is safe to the top of the boundary
layer and spaced approximately 50−100 m apart. The ends of
each transect extended sufficiently past the edge of the plume to
measure background air. For MBEs where the top transects do
not capture the full height of the plume, a vertical profile was
conducted to estimate the height of the boundary layer. The CH4
emission rate was then calculated according to eq 1 based on
previously described methods.15−19
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In eq 1, for each point along the transects, the enhancement of
analyte (CH4 or CO2) concentration above background
concentration, ΔA [mol/m3], was multiplied by the perpendic-
ular component of the wind speed, U⊥ [m/s]. The resulting
point-by-point flux values [mol/m2-s] across each transect were
interpolated to a two-dimensional gridded surface by kriging,22

integrated laterally across the horizontal width of the plume (−x
to + x) and vertically from the ground (0) to the top of the
boundary layer (zi), to a resolution of 100 and 10 m, respectively,
to provide CH4 and CO2 emission rates in [mol/s], which were
then converted to [kg/h] to be consistent with industry units.
Explanation of uncertainty determination is provided in the SI.

Emission Factor Determination. Calculation of Facility-
Based CH4:CO2 EFs (EFfacility) at NGPPs and Refineries. U.S.
inventories report annual CO2 emissions for NGPPs and
refineries, but currently do not account for CH4 emissions
from noncombustion-related processes. Therefore, a facility-
wide CH4 emission factor based on CO2 emissions, EFfacility [kg
CH4/kg CO2] was determined for the three NGPPs and three
refineries by dividing the mass balance-derived facility-wide CH4
emission rate [kg/h] by the mass balance-derived facility-wide
CO2 emission rate [kg/h] (eq 2).
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EFfacility was thenmultiplied by annual CO2 emission rates (kg/
h) reported to the GHGRP (for the NGPPs and refineries) and
AMPD (for the NGPPs) to approximate annual CH4 emissions
from these facilities. This method assumes that the CH4:CO2
ratio is constant throughout the year for simplification. Note that
the CH4:CO2 ratio was used as an EF due to high accuracy,
hourly data for CO2 emissions from the AMPD.

Calculation of Stack-Based CH4:CO2 EFs (EFstack) at NGPPs.
For the three NGPPs, emissions were also sampled exclusively
from stacks, the primary source of combustion emissions, to
derive a stack-based CH4 emission factor based on CO2
emissions, EFstack [kg CH4/kg CO2]. Stacks were sampled either
by flying directly above the stack or by circling the stack at a
distance of <200 m. CO2 peaks were used to determine the start
and end points of the stack emission and a linear fit was applied
between these points to define background, which was
subtracted to give ΔCO2 and ΔCH4 (SI Figure S1). A standard
linear regression was performed for ΔCH4 (ppm) versus ΔCO2
(ppm) using daily stack sampling data from each site and the
regressions were forced through zero. The slope of the line (CH4
ppm/CO2 ppm) was converted to mass units (e.g., kg/kg) by
multiplying by the ratio of the molecular weights of CH4 to CO2
(16/44) to yield EFstack [kg CH4/kg CO2]. Stack emission factors
were also calculated by an alternative method to verify results, as
described in the SI. Where available, we compare EFfacility to
EFstack to better understand the source of facility CH4 emissions.

Throughput-Based Loss Rates and EFs at NGPPs. To
calculate throughput-based loss rates for the NGPPs, hourly CO2
emission and heat input data for P1−3 was downloaded from the
EPA’s AMPD Web site (https://ampd.epa.gov/ampd/).13 Note
that heat input is the energy content of fuel given in million
British thermal units (mmBtu) where 1 Btu equals 1055 J. Using
the start and end times of each flight, the hourly reported data
from the AMPD was adjusted based on the true sampling times
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(see SI). Hourly throughput estimates [kg CH4/h] were
determined using these time-adjusted heat inputs [mmBtu],
the conversion factor 1.02 [mmBtu/MCF] (where MCF is 1000
ft3), the density of CH4 at 15 °C and 1 atm (19.2 [kg CH4/
MCF]), and the assumption that 95% of natural gas is CH4, using
eq 3.
Using the calculated EFfacility and EFstack, projected annual CH4

emission rates based on annual CO2 emissions reported to the
AMPD and GHGRP were calculated by multiplying EFstack [kg
CH4/kg CO2] and EFfacility [kg CH4/kg CO2] by annual CO2
emissions [kg CO2/year] and then converting the resulting CH4
emission rate [kg CH4/year] to kg CH4/h.
Annual throughput-based CH4 loss rates for the NGPPs were

then determined (eq 4) for both stack-only emissions and total
facility emissions using the calculated projected annual CH4
emission rates [kg CH4/h] based on annual CO2 emissions
reported to the AMPD only, since the AMPD is based on real-
world measured data from continuous emissions monitoring
systems, whereas the GHGRP data is based on engineering
calculations using outdated emissions factors.

The EPA’s GHGRP currently requires NGPP operators to
calculate annual combustion-related CH4 emissions using a
default heat input-based EF of 1.0 × 10−3 kg CH4/mmBtu. For
comparative purposes, a heat input-based EF was calculated
based on both stack-only emissions (should be comparable to the
GHGRP default EF) and facility-scale emissions from this study
(eq 5). Again, the projected annual CH4 emissions estimates
derived from the AMPD CO2 data was used.

Throughput-Based CH4 EFs at Refineries. To calculate a
throughput-based EF for the three refineries, projected annual
CH4 emission rates based on annual CO2 emissions reported to
the GHGRP were calculated by multiplying EFfacility [kg CH4/kg
CO2] by annual CO2 emissions [kg CO2/year] and then
converting the resulting CH4 emission rate [kg CH4/year] to kg
CH4/h. This hourly emission rate was divided by the hourly
throughput [barrels/h] of the specific refinery, determined from
2015 annual throughput data from www.eia.gov, to give a
throughput-based EF [kg CH4/barrel].
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⎡
⎣⎢

⎤
⎦⎥throughput

kg CH
h

heat input[mmBtu]
1MCF

1.02mmBtu
19.2 kg CH

1MCF
0.954 4

(3)

=loss rate[%]
projected annual CH emissions from AMPD CO data [kg CH /h]

throughput[kg CH /h]
4 2 4

4 (4)

=‐
⎡
⎣⎢

⎤
⎦⎥EF

kg CH
mmBtu

projected annual CH emissions from AMPD CO data [kg CH /h]
average hourly heat input [mmBtu/h]throughput based

4 4 2 4

(5)

Table 1. Facility Emission Rates and CH4:CO2 Emission Factorsa

CH4 ER (kg/h) CO2 ER (×10,000 kg/h) CH4:CO2 EF (kg CH4/kg CO2)

site date MBE (±2σ) RP MBE (±2σ) RP AMPD hourly EFfacility (EF ± 1σ) EFStack (EF ± 1σ) EFstack/ EFfacility

P1 9/19 N.U.

2

N.U.

12

12 − 1.5(±0.5) × 10−5 −
9/20 120 ± 90 11 ± 9 12 1.1(±0.6) × 10−3 3.2(±0.6) × 10−4 0.29
9/21 75 ± 30 17 ± 6 12 4.4(±1.2) × 10−4 3.3(±0.4) × 10−5 0.08
avg. 7.7(±4.4) × 10−4 1.2(±0.3) × 10−4 0.16

P2 9/19 N.U.

4

N.U.

20

20 − 7.0(±1.5) × 10−5 −
9/20 N.U. N.U. 20 − 9.4(±2.5) × 10−5 −
9/21 84 ± 76 24 ± 22 23 3.5(±2.3) × 10−4 2.6(±1.1) × 10−5 0.07
avg. 6.3(±1.8) × 10−5 −

P3 9/25 240 ± 70 2 18 ± 5 10 34 1.3(±0.3) × 10−3 7.8(±0.9) × 10−5 0.06

R1 7/31 360 ± 200 4 180 ± 110 2.3 2.0(±0.8) × 10−4

10/1 N.U. N.U. −

R2 7/31 540 ± 210 51 100 ± 60 19 5.4(±1.9) × 10−4

R3 9/25 830 ± 240 27 46 ± 13 28 1.8(±0.4) × 10−3

aAbbreviations: ER, emission rate; EF, emission factor; RP, EPA’s 2014 Greenhouse Gas Reporting Program data;14 AMPD, EPA’s Air Markets
Program Data;13 fac., facility; N.U., mass balance flight data was not usable due to poor meteorological conditions or due to partial capture of facility
emissions.
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■ RESULTS AND DISCUSSION

Mass Balance Quantification of Facility CH4 and CO2
Emissions. To understand the magnitude of CH4 emissions
from NGPPs and refineries, six flights were performed at three
NGPPs and three refineries, resulting in seven usable mass
balance flight experiments at the six sites, and stack emission
sampling on seven occasions at the three NGPPs (SI Table S1).
Meteorological conditions for each flight (SI Table S1) and
individual flight paths (SI Figure S2) are provided. The three
NGPPs were selected to represent different power plant
classifications, (SI Table S2), including peaking (P1), baseload
(P2), and intermediate (P3), because themagnitude of emissions
from NGPPs may relate to differences in natural gas throughput,
and the operational costs of different electric generating units
(EGUs) are a driving factor in understanding which power plants
are dispatched to satisfy the temporally changing demand for
electricity (www.eia.gov). For instance, baseload power plants
operate continuously year-round, and generate the required
amount, or “baseload”, of electricity to match the average load.
During periods when energy loads increase, for example, during
heat waves or mid-day in summer, peaking facilities are invoked
to generate the additional power needed. Alternatively,
intermediate or “load-following” plants supplement the power
generated by baseload facilities while adjusting their output to
correlate with the hourly demand for electricity. Therefore,
understanding the differences in emissions from these three
power plant classifications will encourage improvements in
mitigation strategies as they relate to specific operational
conditions. For the peaking facility, P1, we performed mass-
balance measurements on Sunday (9/20) and Monday (9/21)
during peak hours of electrical demand. Two mass-balance
experiments were attempted at the baseload facility, P2 (9/20
and 9/21), however, only the 9/21 experiment was successful
due to poor winds on 9/20. Emissions from the intermediate
facility, P3, were measured once, during a period of high energy
demand.
The three refineries were successfully sampled once each and

were selected based on both their proximity to Purdue University
and their representation of small- (R1) to large- (R3) scale
refineries based on processing capacity (SI Table S3). A second
measurement was performed at R1 (10/1), however, interfering
emissions from a nearby unknown source prevented determi-
nation of an emission rate. Final calculated CH4 and CO2
emission rates (kg/h) for each facility are shown in Table 1 to
95% confidence (±2σ). It is important to note that variable winds

during the P1 (9/20) and P2 (9/21) experiments contributed to
high uncertainties in the emission estimates.
To increase understanding of the sources and magnitudes of

U.S. greenhouse gas emissions, the Environmental Protection
Agency (EPA) implemented the Greenhouse Gas Reporting
Program (GHGRP) in 2009 with the goal of collecting and
organizing self-reported emissions data from NGPPs and
refineries emitting greater than 25 000 t of CO2 equivalent per
year (i.e., ∼3000 kg CO2/h, or ∼110 kg CH4/h, etc.).
Additionally, the EPA also requires NGPPs to install continuous
emissions monitoring systems (CEMS) that measure gas
concentrations (e.g., CO2) continuously from combustion
exhaust stacks and report hourly emissions to the Air Markets
Program Data (AMPD).13 For comparative purposes, the 2014
GHGRP annual facility-specific CO2 and CH4 emission
estimates and the 2015 AMPD13 CO2 emissions during the
time of our actual measurements are also provided in Table 1.
CH4 emissions data are not available from the AMPD.
For the NGPPs, quantified CO2 emission rates at P1 and P2

were not statistically different from their emissions reported to
the 2014 GHGRP and the AMPD, and calculated CO2 emissions
at P3 were a factor of 1.8 larger than the GHGRP and a factor of
1.9 smaller than the AMPD. However, for all NGPPs, measured
CH4 emission rates were significantly larger than their respective
2014 GHGRP estimates, by factors of 60 (P1, 9/20), 38 (P1, 9/
21), 21 (P2), and 120 (P3). Notably, there was a correlation
between power plant operating capacity during the time of
measurement and CH4 emission rate (R2 = 0.85) and CO2
emission rate (R2 = 0.65) (SI Figure S3). Significantly larger CH4
emission rates were also observed at all three refineries when
compared to their respective 2014 GHGRP emission estimates,
by factors of 90 (R1), 11 (R2), and 31 (R3). Furthermore,
measured CO2 emissions were also larger at all three refineries
compared to the 2014 GHGRP, by factors of 78 (R1), 5 (R2),
and 2 (R3), although to a lesser extent than for CH4. Refinery
throughput (SI Table S3) was strongly correlated with CO2
emissions (R2 = 0.95) and CH4 emissions (R

2 = 0.73) (SI Figure
S3).
Facility-scale CH4:CO2 emission factors (EFfacility) for the

NGPPs and refineries, and stack-based CH4:CO2 emission
factors (EFstack) for the NGPPs were calculated as described and
are provided in Table 1. Markedly, in all cases for the NGPPs, the
value of EFstack was 6−29% that of EFfacility, indicating that
emissions sampling from only stacks will likely fail to account for
the full scale of emissions from a facility. Furthermore, stack

Figure 1.Determination of Stack-Based Emission Factors at the NGPPs for (A) P1 on 9/19, 9/20, and 9/21, (B) P2 on 9/19, 9/20, and 9/21, and (C)
P3 on 9/25. Regressions were performed separately for each day ofmeasurement according to the provided figure legends. Solid lines indicate the best fit
line and dotted lines represent the 95% confidence bounds.
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emissions were sampled three times at both P1 and P2,
permitting assessment of temporal variability in the magnitude
of EFstack. Regression analysis of total stack plume points for all
days of measurement at P1−P3 are shown in Figure 1, organized
by day of measurement according to the figure legend. Solid lines
represent the best fit and dashed lines represent the 95%
confidence bounds, with the slope equaling EFstack (Table 1). At
both P1 and P2, daily changes in EFstack did occur by up to a factor
of 21 and 4, respectively, despite there being no start-ups or shut-
downs of electric generating units betweenmeasurements. Stacks
at P1 and P2 were sampled at roughly the same time each day
(P1: ∼12:00 PM; P2: ∼5:00 PM), on Saturday (9/19), Sunday

(9/20) and Monday (9/21). Notably, despite P1 exhibiting the
largest EFstack on Sunday 9/20 compared to other measurements,
electrical demand was higher during the measurement made on
Monday 9/21, according to heat input data reported by the
AMPD.
Due to temporal fluctuations in facility emissions caused by

variations in facility operations, the hourly emission rates
calculated here cannot be directly extrapolated to estimate
annual facility emissions. However, this variability can be
accounted for indirectly by applying the calculated CH4:CO2
EFs to annual CO2 emissions reported to inventories to estimate
a proportional CH4 emission rate based on the known quantity of

Table 2. Projected Annual CH4 Emission Rates using CH4:CO2 EFfac and EFstack and Reported CO2 Emissions to the GHGRP and
AMPD

2014 GHGRP projected CH4 ER
(kg/h) ± 1σ

2015 AMPD projected CH4 ER
(kg/h) ± 1σ

site date 2014 GHGRP CO2
a ER (kg/h) EFfacility-derived EFStack-derived 2015 AMPD CO2

b ER (kg/h) EFfacility-derived EFStack-derived

P1 9/19
115 491

c 2 ± 1
104 531

c 2 ± 1
9/20 130 ± 70 37 ± 7 110 ± 64 33 ± 6
9/21 51 ± 13 4 ± 0 46 ± 12 3 ± 0

P2 9/19
196 919

c 14 ± 3
199 758

c 14 ± 3
9/20 c 19 ± 5 c 19 ± 5
9/21 69 ± 45 5 ± 2 70 ± 46 5 ± 2

P3 9/25 104 613 140 ± 28 8 ± 1 285 001 380 ± 77 22 ± 2
R1 7/31 23 034 5 ± 2 − − − −
R2 7/31 188 628 100 ± 36 − − − −
R3 9/25 282 959 510 ± 110 − − − −

aEPA’s 2014 Greenhouse Gas Reporting Program (GHGRP) annual facility-specific CO2 emission rate estimate, bEPA’s 2015 Annual Air Markets
Program Data (AMPD) facility-specific CO2 emission rate estimate, cSampled stack emissions only

Figure 2. Co-location of CH4, CO2, and H2O Emissions at Power Plants and Refineries. Using Power Plant 1 (P1) and Refinery 2 (R2) as examples,
horizontal distributions of raw CH4 (ppm), CO2 (ppm), and H2O (%) concentrations are shown versus height (m, above ground level). Analyte
concentration is depicted by color (see color scales) and line width, with warmer colors and thicker line width corresponding to larger analyte
concentration. The black dashed lines shown in the Refinery 2 (R2) graphs mark the separation of emissions from different facilities. R2 values obtained
from linear regressions of ΔCO2:ΔCH4 and ΔH2O:ΔCH4 (SI Figure S5) are displayed in the CO2 and H2O concentration panels, respectively.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b05531
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05531/suppl_file/es6b05531_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b05531


CO2 emitted. Therefore, annual average hourly CH4 emission
rates [kg/h] per facility were estimated by multiplying EFfacility
(NGPPs, refineries) and EFstack (NGPPs) by annual reported
CO2 emission data, first converted from annual to hourly
emission rates, from the GHGRP (NGPPs, refineries) and the
AMPD (NGPPs), and are shown (±1 σ) in Table 2. These
GHGRP-derived hourly CH4 emission rates can then be
extrapolated to estimate the annual atmospheric CH4 emissions
for each facility, which are 800 ± 400 Mg (P1), 600 ± 400 Mg
(P2), 1200 ± 200 Mg (P3), 40 ± 20 Mg (R1), 900 ± 300 Mg
(R2), and 4500 ± 1000 Mg (R3). Also, for cases at the NGPPs
where both EFstack and EFfacility were available to estimate annual
emissions, EFfacility-derived emissions were larger than EFstack-
derived emissions by factors of 3−22 for both the GHGRP- and
AMPD-based projections, again indicating that emissions
monitoring methods that only sample stack emissions may
significantly underestimate facility emissions.
Assessment of Combustion- and Non-Combustion-

Related CH4 Emissions. To further investigate if CH4
emissions were related to combustion or noncombustion
processes, the correlation of enhanced concentrations of CH4
with CO2 and H2O was assessed along the flight transects. If
natural gas undergoes incomplete combustion, uncombusted
CH4 will exist in the presence of combustion products, for
example, CO2 and H2O. Therefore, CH4 concentration enhance-
ments along the flight path that are colocated with CO2 are likely
to be uncombusted CH4 from combustion processes, and at
NGPPs, these emissions would originate from exhaust stacks.
Alternatively, if CH4 concentration enhancements are not
colocated with CO2, they likely originate from noncombustion-
related equipment on the facility. Figure 2 shows greenhouse gas
concentration data along the flight transects for two
representative facilities, presented as a horizontal distribution
of analyte (CH4, CO2, H2O) concentrations versus altitude.
Similar figures for all flights are provided in SI Figure S4.
Subsequently, the concentration enhancement above back-
ground for all analytes (CH4, CO2, H2O) was calculated along
each transect by subtracting an altitude-dependent background
and back trajectory analysis was used to spatially segregate
emissions from the facility of interest from nearby unknown
sources. Linear regressions of these facility-specific concentration
enhancements,ΔCO2:ΔCH4 andΔH2O:ΔCH4, along the flight
paths were then performed, with two representative examples
shown in Figure 3 and regressions for all flights provided in SI
Figure S5.
For all three NGPPs, CH4 enhancements were more strongly

correlated with H2O enhancements (R2
avg = 0.60), than with

CO2 enhancements (R2
avg = 0.15) downwind of the facilities. The

separation of CH4 emissions from each facility that was observed
across the flight path is likely due to variation in the temperature
of emissions from different sources within the facilities, which
could result in differences in buoyancy of emissions. For instance,
if NGPP CH4 emissions were primarily from high temperature,
combustion-related sources (e.g., stacks), then colocation of CH4
and CO2 would be expected (this was observed at all three
NGPPs in the stack emissions, although to a lesser extent than for
colocation of CH4 and H2O). Supporting this observation, for all
three NGPPs, EFstack was significantly lower than EFfacility on all
days, further indicating that the majority of NGPP CH4
emissions are not emitted from stacks. The NGPPs in this
study operate on highly efficient combined-cycle systems, which
use both natural gas and steam turbines to generate 50−60%
more energy than a gas turbine alone by capture and reuse of

exhaust heat from the gas turbine into a heat recovery steam
generator. Therefore, potential sources of CH4 emissions at
NGPPs include uncombusted CH4 from stack exhaust (e.g.,
colocated with CO2 andH2O), and fugitive leaks from the facility
equipment, including compressors, steam turbines, steam
boilers, and condensers (e.g., colocated with H2O). We can
rule out the possibility that our results are caused by dispersion
differences of stack-emitted H2O, CH4, and CO2 due to our
observation that combustion products (CO2 and H2O) and
uncombusted CH4 were colocated at all three NGPPs, with a
separate, distinct grouping of CH4 and H2O emissions also
present, that were not correlated with CO2. Therefore, it is
important to consider nonstack-related emissions at NGPPs
when developing facility-scale CH4 emissions monitoring
methods.
The three refineries demonstrated similar results, with CH4

enhancements being more strongly correlated with H2O
enhancements (R2

avg = 0.71) than with CO2 enhancements
(R2

avg = 0.29), indicating that noncombustion-related CH4
emissions may be a significant source of total CH4 emissions at
refineries. The equipment involved in petroleum refining,
including furnace heaters, hydrogen generation units, gas
turbines, and condensers, can be powered by various fuel
types, including natural gas. Potentially, refineries may be a
source of CH4 emissions due to increased use of natural gas to
power their utilities. Additionally, CH4 is a minor component of
crude oil, and therefore, a product of fractional distillation, and is
a product of catalytic cracking. Possible sources of CH4 and H2O
at refineries therefore include steam boilers, compressor engines,
storage vessels, process heaters, process furnaces, and distillation
towers. Therefore, inclusion of noncombustion-related CH4
losses in EF calculations would help encompass a broader
range of potential emission sources at these facilities and improve
annual emissions estimates in U.S. inventories.

Figure 3. Regression Analysis of H2O and CO2 Enhancements versus
CH4 Enhancements Along the Flight Transects. Linear regressions were
performed using transect concentration enhancement data from Figure
2 and SI Figure S4, with measurements made at P1 on 9/20 and R1 on
7/31 shown here as examples. Blue triangles (y-axis: ΔH2O; x-axis:
ΔCH4) and red circles (y-axis: ΔCO2; x-axis: ΔCH4) show individual
data points. Best fit line (black line) with equation and R2 values are
shown. Units of the slopes are [ppm/ppm] for the CO2:CH4 curves and
[%/ppm] for the H2O:CH4 curves.
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It is estimated that the climate benefit of NGPPs over coal-
fired power plants is contingent on total system CH4 loss rates
being less than 3% of throughput, with climate benefits observed
immediately.4 However, life cycle analyses indicate that CH4

losses that occur from production to distribution and use must
also be considered, which are estimated to equal 1.7% of
production.6 In this study, calculated facility-scale loss rates were
less than 0.5% in all cases (Table 3), and so the climate benefit of
using natural gas for electricity generation is not compromised
given the magnitude of losses at the point of use of the NGPPs in
this study, if we assume a supply chain leak rate of 1.7% of
production. The percentage of unburned CH4 emitted from
stacks at the three NGPPs (0.01−0.14%) was lower than
respective facility-scale losses (0.10−0.42%) in all cases, by
factors of 3 (P1, 9/20) 15 (P1, 9/21), 10 (P2, 9/21), and 13 (P3,
9/25), again suggesting that more CH4 is lost from non-
combustion-related equipment than from combustion processes
(Table 3). Furthermore, the observation that the majority of
NGPP and refinery emissions are from noncombustion-related
equipment would support the significant discrepancies between
our calculated CH4 emission rates and those reported to the 2014
GHGRP, which only requires reporting of combustion-related
CH4 emissions. The 2014 GHGRP CH4 emission rates reported
for the three NGPPs were all <4 kg/h.
In 2014, the GHGRP required power plants to calculate and

report emissions related to general stationary fuel combustion
(GHGRP, subpart C) and electricity generation (subpart D), and
combustion-related CH4 emissions were calculated by operators
using a required heat input-based emission factor (EFGHGRP) of
1.0 × 10−3 kg CH4/mmBtu.23 To examine the accuracy of
EFGHGRP, we used our measured data to derive EFstack [kg/
mmBtu] for the NGPP stacks (P1, N = 3 days of measurements;
P2, N = 3; P3, N = 1) and EFfacility [kg/mmBtu] for the complete
facilities (P1,N = 2 days of measurements; P2,N = 1; P3,N = 1)
(Table 3). For all measurement days, all three NGPPs’ EFstack
[kg/mmBtu] values were larger than EFGHGRP by an average
factor of 4.4, ranging from 0.9 to 15 times larger. More notably,
however, is the difference between the complete facility-derived
EFfacility [kg/mmBtu] and EFGHGRP, which were factors of 50 (P1,
9/20), 20 (P1, 9/21), 16 (P2), and 61 (P3) times larger than the
industry-used EFGHGRP. Therefore, updating heat input-based
CH4 EFs at NGPPs may improve the accuracy of GHGRP data,
which policymakers rely on to best understand U.S. CH4

emission rates and the contributions of individual sources.

In addition to reporting general stationary fuel combustion-
related emissions (GHGRP, subpart C), refineries are also
required to report CH4 emissions from asphalt blowing
operations, uncontrolled blowdown systems, catalytic cracking
and reforming units, delayed coking units, flares, process vents,
storage tanks, and equipment leaks (subpart Y).23 Similar to
subpart C, emission estimates reported under subpart Y also are
calculated using default EFs which may be outdated and could
cause inaccurate estimation of annual emissions. Additionally,
emissions may also originate from other types of process
equipment, including boilers, process heaters, furnaces, inciner-
ators, and thermal oxidizers. Our results suggest that both CH4
and CO2 emissions may be underestimated for these three
refineries by the GHGRP. To determine if these results are
representative of the full range of operating conditions will
require further observations.

NGPPs and Refineries as Contributors to U.S. CH4
Emissions. We estimate that NGPPs in the U.S. emit 0.46 ±
0.17 Tg CH4 annually (SI Table S4) by using the average of the
heat input-based EFs calculated from this study for the NGPPs
[kg CH4/mmBtu] and annual total heat-inputs for all NGPPs
nationwide in 2015 as the activity factor (downloaded from the
AMPD). Additionally, using the average of the throughput-based
EFs calculated from this study for the refineries [kg CH4/barrel]
and the hourly throughput for all refineries in the U.S. in 2015
based on data from www.eia.gov [barrels/h], we estimate that
U.S. refineries emit 0.15 ± 0.05 Tg CH4 annually (SI Table S4).
Combined, NGPPs and refineries are therefore estimated to
contribute ∼0.61 Tg CH4 annually to U.S. emissions. By
comparison, the EPA estimated that oil and gas operations
emitted 9.8 Tg CH4 in 2014, of which CH4 emissions from
NGPPs (0.01 Tg CH4) and refineries (0.02 Tg CH4) were
estimated to be negligible by comparison.6 For comparison, U.S.
landfill operations and enteric fermentation processes were
estimated to emit 5.9 and 6.6 Tg CH4, respectively, in 2014.
Therefore, consideration of improved emissions monitoring and
reporting procedures for NGPPs and refineries would
significantly improve U.S. inventory emissions estimates. Note
that this is a preliminary estimate and that additional sampling is
needed to improve robustness of the estimate. However, total
emissions from NGPPs is likely to increase in the future as our
reliance on NGPPs increases.
Results from this study indicate that NGPPs and crude oil

refineries may be significant contributors to annual CH4
emissions in the U.S., despite lack of facility emission reporting

Table 3. Facility Throughput Estimates, NGPP CH4 Loss Rates, and Throughput-Based EFs

CH4 loss rate (%) throughput-based EFb

site date throughput estimatea facility stack facility stack

P1 9/19 41 000 − 0.01 (±0.00) − 8.7 (±4.3) × 10−4

9/20 26 000 0.42 (±0.24) 0.13 (±0.02) 5.0 (±2.9) × 10−2 1.5 (±0.3) × 10−2

9/21 30 000 0.15 (±0.04) 0.01 (±0.00) 2.0 (±0.6) × 10−2 1.3 (±0.1) × 10−3

avg. 0.29 (±0.14) 0.05 (±0.01) 3.5 (±1.7) × 10−2 5.7 (±1.6) × 10−3

P2 9/19 10 000 − 0.14 (±0.03) − 3.7 (±0.8) × 10−3

9/20 56 000 − 0.03 (±0.01) − 5.1 (±1.3) × 10−3

9/21 70 000 0.10 (±0.01) 0.01 (±0.00) 1.6 (±1.1) × 10−2 1.2 (±0.5) × 10−3

avg. 0.06 (±0.02) 3.3 (±0.9) × 10−3

P3 9/25 150 000 0.25 (±0.05) 0.02 (±0.00) 6.1 (±1.2) × 10−2 3.5 (±0.3) × 10−3

R1 7/31 1130 − − 4.4 (±1.8) × 10−3 −
R2 7/31 8830 − − 1.1 (±0.4) × 10−2 −
R3 9/25 9940 − − 5.1 (±1.1) × 10−2 −

aP1−3 [kg CH4/h]; R1−3 [barrels/h]. bP1−3 [kg CH4/mmBtu]; R1−3 [kg CH4/barrel].
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in U.S. inventories. Furthermore, results suggest that the primary
source of CH4 emissions at these facilities may be from
noncombustion sources, partially explaining why inventory
estimates appear biased low as EFs only consider combustion-
related emissions. Future studies should aim to identify the
specific emission sources at a larger sampling of these facilities,
potentially by use of infrared cameras, and subsequently
recalculate more robust EFs that consider these sources.
Knowledge of common equipment sources would also help
inform improvements in emissions mitigation strategies at these
facilities, for example, by replacement of aging and faulty
equipment, installation of carbon capture devices, and upgrades
to improved control technologies related to the specific emission
sources. Furthermore, updating CEMS to include hourly CH4
emission monitoring would help account for combustion-related
CH4 emissions, which were also underestimated in this study.
While measurements in this study were performed during peak

operating hours, emissions during periods of start-up and shut-
down may be different. Therefore, future measurements at both
NGPPs and refineries should be conducted during the full range
of operations to develop more robust EFs for each operating
condition. Top-down approaches, such as the aircraft-based mass
balance technique described in this study, offer the ability to
measure total facility emissions to calculate more comprehensive
EFs that account for CH4 emissions from both combustion- and
noncombustion-related processes.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.6b05531.

Four tables and six figures (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Phone: (765) 496-2404; fax: (765) 494-0239; e-mail:
pshepson@purdue.edu.
ORCID
Tegan N. Lavoie: 0000-0002-5402-2016
Author Contributions
The manuscript was written through contributions of all authors.
All authors have given approval of the final manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was funded by the Environmental Defense Fund
(EDF) through a grant from the Alfred P. Sloan Foundation.

■ ABBREVIATIONS
ALAR Airborne Laboratory for Atmospheric Research
AMPD Air Markets Program Data
CH4 methane
CO2 carbon dioxide
CRDS cavity ring-down spectrometer
EF emission factor
EPA Environmental Protection Agency
GHGRP GreenHouse Gas Reporting Program
LT local time
mmBtu million British thermal units
NGPP natural gas-fired power plants

NOAA National Oceanic and Atmospheric Administration
SI supporting information

■ REFERENCES
(1) U.S. Energy Information Administration, Carbon Dioxide Emissions
Coefficients. http://www.eia.gov/environment/emissions/co2_vol_
mass.cfm (accessed February 26, 2016).
(2) Brandt, A. R.; Heath, G. A.; Kort, E. A.; O’Sullivan, F.; Petron, G.;
Jordaan, S. M.; Tans, P.; Wilcox, J.; Gopstein, A. M.; Arent, D.; Wofsy,
S.; Brown, N. J.; Bradley, R.; Stucky, G. D.; Eardley, D.; Harriss, R.
Methane Leaks from North American Natural Gas Systems. Science
2014, 343 (6172), 733−735.
(3) IPCC Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fourth Assessment Report of the Inter-
governmental Panel on Climate Change; Cambridge University Press:
Cambridge, 2013; p 1535.
(4) Alvarez, R. A.; Pacala, S. W.; Winebrake, J. J.; Chameides, W. L.;
Hamburg, S. P. Greater focus needed on methane leakage from natural
gas infrastructure. Proc. Natl. Acad. Sci. U. S. A. 2012, 109 (17), 6435−
6440.
(5) Jeong, S.; Millstein, D.; Fischer, M. L. Spatially Explicit Methane
Emissions from Petroleum Production and the Natural Gas System in
California. Environ. Sci. Technol. 2014, 48 (10), 5982−5990.
(6) U.S. Environmental Protection Agency, Draft U.S. Greenhouse
Gas Inventory Report: 1990−2014. https://www3.epa.gov/
climatechange/Downloads/ghgemissions/US-GHG-Inventory-2016-
Chapter-4-Industrial-Processes-and-Product-Use.pdf (accessed April
11, 2016).
(7) U.S. Environmental Protection Agency, CFR: Title 40: Part 60
Carbon Pollution Emission Guidelines for Existing Stationary Sources:
Electric Utility Generating Units. In Electronic Code of Federal
Regulations; U.S. Environmental Protection Agency, Ed. 2015; Vol. 80.
(8) U.S. Environmental Protection Agency, Mercury and Air Toxics
S t anda rd s (MATS) . h t t p : //www3 . epa . gov/a i rqua l i t y /
powerplanttoxics/index.html (accessed February 26, 2016).
(9) U.S. Energy Information Administration, Electricity Monthly
Update: Analysis and Projections for December 2015. http://www.eia.
gov/electricity/monthly/update/resource_use.cfm#tabs_con-1 (ac-
cessed February 26, 2016).
(10) Mobilia, M.; Peterson, C. U.S. Energy Information Administration,
Natural gas use for power generation higher this winter. http://www.eia.
gov/todayinenergy/detail.cfm?id=24892 (accessed February 26, 2016).
(11) U.S. Energy Information Administration, Petroleum & Other
Liquids, Data: Fuel Consumed at Refineries. https://www.eia.gov/dnav/
pet/pet_pnp_capfuel_dcu_nus_a.htm (accessed February 26, 2016).
(12) Taraphdar, T.; Yadav, P.; Prasad, M. K. E. Natural gas fuels the
integration of refining and petrochemicals; Digital Refining, 2012.
(13) U.S. Environmental Protection Agency, Air Markets Program
Data. https://ampd.epa.gov/ampd/ (accessed February, 26, 2016).
(14) United States Environmental Protection Agency, Greenhouse Gas
Reporting Program (GHGRP). https://www.epa.gov/ghgreporting
(accessed February 26, 2016).
(15) Cambaliza, M. O.; Shepson, P. B.; Caulton, D.; Stirm, B.;
Samarov, D.; Gurney, K. R.; Turnbull, J.; Davis, K. J.; Possolo, A.;
Karion, A.; Sweeney, C.; Moser, B.; Hendricks, A.; Lauvaux, T.; Mays,
K.; Whetstone, J.; Huang, J.; Razlivanov, I.; Miles, N. L.; Richardson, S. J.
Assessment of uncertainties of an aircraft-based mass-balance approach
for quantifying urban greenhouse gas emissions. Atmos. Chem. Phys.
2014, 14 (17), 9029−9050.
(16) Cambaliza, M. O. L.; Shepson, P. B.; Bogner, J.; Caulton, D. R.;
Stirm, B.; Sweeney, C.; Montzka, S. A.; Gurney, K. R.; Spokas, K.;
Salmon, O. E.; Lavoie, T. N.; Hendricks, A.; Mays, K.; Turnbull, J.;
Miller, B. R.; Lauvaux, T.; Davis, K.; Karion, A.; Moser, B.; Miller, C.;
Obermeyer, C.; Whetstone, J.; Prasad, K.; Miles, N.; Richardson, S.
Quantification and source apportionment of the methane emission flux
from the city of Indianapolis. Elem. Sci. Anth. 2015, 3, 37.
(17) Caulton, D. R.; Shepson, P. B.; Santoro, R. L.; Sparks, J. P.;
Howarth, R. W.; Ingraffea, A. R.; Cambaliza, M. O. L.; Sweeney, C.;
Karion, A.; Davis, K. J.; Stirm, B. H.; Montzka, S. A.; Miller, B. R. Toward

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b05531
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.6b05531
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05531/suppl_file/es6b05531_si_001.pdf
mailto:pshepson@purdue.edu
http://orcid.org/0000-0002-5402-2016
http://www.eia.gov/environment/emissions/co2_vol_mass.cfm
http://www.eia.gov/environment/emissions/co2_vol_mass.cfm
https://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2016-Chapter-4-Industrial-Processes-and-Product-Use.pdf
https://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2016-Chapter-4-Industrial-Processes-and-Product-Use.pdf
https://www3.epa.gov/climatechange/Downloads/ghgemissions/US-GHG-Inventory-2016-Chapter-4-Industrial-Processes-and-Product-Use.pdf
http://www3.epa.gov/airquality/powerplanttoxics/index.html
http://www3.epa.gov/airquality/powerplanttoxics/index.html
http://www.eia.gov/electricity/monthly/update/resource_use.cfm#tabs_con-1
http://www.eia.gov/electricity/monthly/update/resource_use.cfm#tabs_con-1
http://www.eia.gov/todayinenergy/detail.cfm?id=24892
http://www.eia.gov/todayinenergy/detail.cfm?id=24892
https://www.eia.gov/dnav/pet/pet_pnp_capfuel_dcu_nus_a.htm
https://www.eia.gov/dnav/pet/pet_pnp_capfuel_dcu_nus_a.htm
https://ampd.epa.gov/ampd/
https://www.epa.gov/ghgreporting
http://dx.doi.org/10.1021/acs.est.6b05531


a better understanding and quantification of methane emissions from
shale gas development. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (17),
6237−6242.
(18) Lavoie, T. N.; Shepson, P. B.; Cambaliza, M. O. L.; Stirm, B. H.;
Karion, A.; Sweeney, C.; Yacovitch, T. I.; Herndon, S. C.; Lan, X.; Lyon,
D. Aircraft-Based Measurements of Point Source Methane Emissions in
the Barnett Shale Basin. Environ. Sci. Technol. 2015, 49 (13), 7904−
7913.
(19) Mays, K. L.; Shepson, P. B.; Stirm, B. H.; Karion, A.; Sweeney, C.;
Gurney, K. R. Aircraft-Based Measurements of the Carbon Footprint of
Indianapolis. Environ. Sci. Technol. 2009, 43 (20), 7816−7823.
(20) Garman, K. E.; Hill, K. A.; Wyss, P.; Carlsen, M.; Zimmerman, J.
R.; Stirm, B. H.; Carney, T. Q.; Santini, R.; Shepson, P. B. An airborne
and wind tunnel evaluation of a wind turbulence measurement system
for aircraft-based flux measurements. J. Atmos Ocean Tech 2006, 23 (12),
1696−1708.
(21) Karion, A.; Sweeney, C.; Wolter, S.; Newberger, T.; Chen, H.;
Andrews, A.; Kofler, J.; Neff, D.; Tans, P. Long-term greenhouse gas
measurements from aircraft. Atmos. Meas. Tech. 2013, 6 (3), 511−526.
(22) Chu, D., The GLOBEC kriging software package − EasyKrig3.0;
The Woods Hole Oceanographic Institution [Internet]. http://globec.
whoi.edu/software/kriging/easy_krig/easy_krig.html (accessed Janu-
ary 20, 2014).
(23) e-CFR: Title 40: Protection of Environment PART 98
MANDATORY GREENHOUSE GAS REPORTING. In Electronic
Code of Federal Regulations; Vol. Title 40: Protection of Environment
PART 98MANDATORY GREENHOUSE GAS REPORTING,
2014.

■ NOTE ADDED AFTER ASAP PUBLICATION
The throughputs for refinery R1 and R3 were inadvertently
switched, and this affected the downstream calculated values in
the version of this paper published March 6, 2017. The values
were corrected in the article and Table S4 of the Supporting
Information and reposted on March 10, 2017.
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